growth factors, with the perturbed cell populations profiled as a single pooled library (Fig. 1a) . Despite the cell capacity of scRNA-seq platforms, single-cell transcriptome-wide analysis of such an experiment, which produces a unique cell population in each condition, has been technically and financially inaccessible in the absence of a suitable means of sample pooling. This experiment introduces a powerful new experimental and analytical paradigm, underpinned by our flexible, scalable cell tagging procedure, in which the massive cell capacity of scRNA-seq is effectively leveraged to analyze and compare large numbers of cell populations.
Neural stem cells (NSCs) are known to differentiate into many unique cell types in vivo, primarily neurons, astrocytes, and oligodendrocytes 8 . In vitro, NSCs can be forced into different differentiation trajectories by exposing the cells to a variety of synthetic chemicals, hormones, and growth factors. We investigated the response of NSCs to varying concentrations of Scriptaid/Decitabine, epidermal growth factor (EGF)/basic fibroblast growth factor (bFGF), retinoic acid, and bone morphogenic protein 4 (BMP4), producing a 4x4x6 perturbation array representing a large space of experimental conditions (Fig. 1a) . NSCs were cultured in a single 96-well plate with each sample corresponding to a unique combination of factors ( Fig.   1c, Supplementary Fig. 5 ). After chemical DNA labeling (Fig. 1b) , the samples were pooled and subjected to a modified version of the 10x Genomics Single-Cell Expression protocol. A total of 21,232 cells were detected based on cDNA counts, and sample assignment was performed for the detected cells based on the sample tags with the highest UMI counts.
Visualization of the cell populations produced by each experimental condition revealed a complex interplay between the perturbations used in this 96-plex experimental space (Fig. 1e) . On a global level, cell proliferation varied widely across the experiment, revealing growth rates specific not just to each condition but also to each cell state across the experiment. Highly proliferative states (clusters 1, 2, 3, 6, 7, 8, 9, 12, and 16), which account for large regions of the cell state space when plotted according to t-SNE, differentially express various genes associated with cell growth and the cell cycle, including ribosomal, cytoskeletal, and cyclin-dependent proteins (Supplementary Table 1 ). Conversely, samples deprived of EGF/bFGF exhibited apoptotic phenotypes including low cell counts and expression of stress response genes such as Cryab, Mt1, and Gpx4. We sought to define the cell states produced by the array of experimental conditions, a frequently challenging procedure in scRNA-seq analysis and a potential roadblock to perturbation experiments where the presence of classical marker genes may depend on experimental conditions. Identification of functional cell states was greatly aided by the large number of samples in our experimental perturbation. Various distinct regions of transcriptome space were repeatedly populated by cells originating from multiple samples in localized regions of perturbation space, forming natural groupings of cells that were validated and assigned by clustering using Louvain community detection (Fig. 1d) .
Plotting the cluster occupancy of each sample revealed the structure of the cell populations produced across the experiment (Fig. 2a) . Overall trends, such as high proliferation under low BMP4 conditions and high cluster specificity under high BMP4 conditions, are readily observed. Principal component analysis of the relative cluster abundance x sample matrix was used to identify relationships between the experimental inputs ( Fig. 2b) . The experimental perturbations associate directly with the cell populations observed in the scRNA-seq samples. The absence of EGF/bFGF has a drastic effect, yielding an isolated group of samples, while BMP4 concentration has a graded effect and a strong interaction with either Scriptaid/Decitabine or retinoic acid, each of which produces a separate branch of samples when combined with the two highest BMP4 concentrations. This analysis demonstrates that multiplexed scRNA-seq can be used to classify cell populations and interpret the conditions that produced them. In the context of a perturbation experiment, relevant features of the experimental space can be learned, e.g. the strong effect of BMP4 concentration shown here. Of perhaps greater interest would be to extend this proof-of-principle to biomedical diagnostics: by applying Bayes Rule to the relative cluster abundance x samples matrix, it should be possible to infer disease conditions from high-resolution cell population observations. After evaluating the high-level information that can be gleaned from a large perturbation array, we closely examined two regions of our experimental space to illustrate the depth of analysis afforded by multiplexed scRNA-seq. First, we explored an isolated portion of cell state space, cluster 13, which was populated under a strict range of conditions with intermediate EGF/bFGF concentrations, no BMP4, and moderate to no retinoic acid. Cells from just five samples accounted for practically all the cells in cluster 13 and little across the rest of cell state space, exhibiting strong condition dependence (Fig. 2c) . Differential expression analysis showed that this cluster is strongly enriched for Hes5, a gene with important roles in cell fate determination 9 .
A more complex cellular response was observed under high BMP4 conditions, where numerous cell states were identified, many populated only within a small region of experimental space. Cells from conditions with ≥ 0.8 ng/mL EGF/bFGF and BMP4 ≥ 4 ng/mL, 36 samples in total, mapped to just three clusters (0, 10, and 14) which were further subdivided by orthogonal experimental factors (Fig. 2d) Fig. 2 ). Cell doublet events were unambiguously detected as collisions of four pairs of tags corresponding to two separate samples. In methanol-labeled samples, we noted a strong correlation between UMI counts for pairs of tags applied to the same samples ( Supplementary Fig. 2c ), suggesting that the extent of chemical tagging may be correlated with cell size. To test this hypothesis, we devised a species-mixing experiment in which large, human HEK293T cells and small, mouse NSCs were reacted individually and in combination with a series of non-overlapping sample tag pools of increasing size (Supplementary Fig. 3 ). We found Chromium system, our method is compatible with other similar platforms (e.g. Drop-Seq 17 , inDrops 18 , sci-RNA-seq 19 , Bio-Rad's ddSEQ), and should be readily extendible to full-length scRNA-seq 20 and other single-cell genomic assays.
We envision our chemical multiplexing strategy playing a central role as sequencing-based single-cell profiling continues its phenomenal increase in scale. As multiplexing of DNA libraries has vastly improved the utility and adoption of high-throughput DNA sequencing, our solution for scRNA-seq will similarly reduce costs, drive increases in cell capacity, and extend the scope of scRNA-seq beyond bulk tissue profiling. Furthermore, the increasing throughput of scRNA-seq will facilitate even higher multiplexing, and our method can be readily applied to thousands of samples. For diagnostic purposes, the cost savings associated with multiplex scRNA-seq also have the potential to accelerate the adoption of single-cell genomics in the clinic.
Methods

Overview of Cell Tagging Procedure
Barcoded DNA oligonucleotides ("tags") are attached to exposed NHS-reactive amines on the cells of interest. Sample tagging is achieved in a one-pot, two-step reaction by exposing cell samples to methyltetrazine-activated DNA (MTZ-DNA) oligos and the amine-reactive cross-linker NHS-transcyclooctene (NHS-TCO) (Fig. 1b) . NHS-functionalized oligos are formed in situ via inverse-electron demand Diels-Alder (IEDDA) chemistry, and nucleophilic attack by accessible cellular amines chemoprecipitates the oligos directly onto the cells. Our one-pot reaction based on the IEDDA reaction improves on a previous cell surface modification scheme 21 that requires far higher DNA concentrations and isolation of unstable activated DNAs immediately before use. A library of methyltetrazine-modified sample tags can be prepared in advance, stored frozen for long periods, and applied to many cell samples in parallel. Sequencing library preparation is derived from recently published methods for multi-modal scRNA-seq 6, 16 .
Oligo Activation
Sample tags were prepared with either 5'-or 3'-amine modified oligonucleotides (100-250 nmol scale, Integrated DNA Technologies, Supplementary Table 2) . HPLC purification was critical to obtain highly reactive preparations of 5'-modified oligos, while 3'-modified oligos can be purchased without HPLC purification (data not shown). In either case, oligos were resuspended to a concentration of 500 µM in 50 mM sodium borate buffer pH 8.5 (Thermo). Activation reactions were performed by combining 25 µL oligo solution with 41.8 µL DMSO (Sigma) and 8.2 µL of 10 mM NHS-methyltetrazine (Click Chemistry Tools). The reaction was allowed to proceed for 30 minutes at room temperature on a rotating platform.
After 30 and 60 minutes, additional 8.2 µL aliquots of 10 mM NHS-methyltetrazine were added. After 90 minutes total reaction time, ethanol precipitation was performed by addition of 180 µL 50 mM sodium borate buffer and 30 µL 3 M NaCl. After mixing, 750 µL ice-cold ethanol was added and the mixture precipitated at -80 C overnight. The precipitate was pelleted at 20,000 x g for 30 minutes, washed twice with 1 mL ice-cold 70% ethanol, then resuspended in 100 µL 10 mM HEPES pH 7.2. Yield was determined by absorbance at 260 nm. Typical final concentrations ranged between 40 and 80 µM. Relative oligo activity was determined by electrophoretic mobility shift assay using Cy5-trans-cyclooctene (Click Chemistry Tools). Methyltetrazine-derivatized oligos were diluted 100-fold in 10 mM HEPES pH 7.2, then 4 µL of this solution was added to 1 µL of a 500 nM solution of TCO-Cy5 in DMSO. All tetrazine reactions in this work were protected from light to reduce degradation of trans-cyclooctene. The reaction was allowed to proceed at room temperature for 20-120 minutes and analyzed on a 12% SDS-PAGE gel.
Oligo activity varied within a 2-fold range across preparations. Oligos were stored at -20 C and used without further normalization.
Cell Culture and Fixation
Neural stem cells were cultured according to the following protocol:
Cryopreserved mouse neural stem cells (NSCs) were thawed for 2 minutes at 37 °C then transferred to a 15 mL conical tube. Pre-warmed Neural Stem Cell Basal Medium (SCM003, Millipore) was slowly added to a total volume of 10 mL, and the resulting cell suspension centrifuged at room temperature for 2. poly-L-ornithine and laminin coated culture plate according to the protocol previously described until ~80% confluent. NSCs were dissociated by removing culture medium followed by incubation with 4mL
Accutase for 2 minutes. NSCs in Accutase were transferred to a 15 mL conical tube and centrifuged at room temperature for 2.5 minutes at 200 x g. The supernatant was removed and the cell pellet was resuspended in 2mL Hank's Balanced Salt Solution (HBSS, Thermo) with 0.04% BSA (Sigma). Methanol-fixed cells were rehydrated by combining 700 µL HBSS with 500 µL fixed cells in 80%
methanol. This suspension was centrifuged at 3,000 x g for 5 minutes, then washed twice more with HBSS.
Cells were resuspended in 1 mL HBSS, and 50 µL of this cell suspension was used for cell labeling.
Methyltetrazine-Cy5 (Click Chemistry Tools) was added to 2 µM final concentration, NHS-TCO to 5 µM, and DAPI to 1 µg/mL. Cell labeling reactions were incubated for 30 minutes at room temperature with rotation then quenched by addition of Tris-HCl to 10 mM and methyltetrazine-DBCO (Click Chemistry Tools) to 50 µM. Samples were diluted 20-fold in HBSS and analyzed on a MACSQuant VYB flow cytometer.
Fluorescence microscopy samples were prepared as above except NHS-TCO was used at 1 µM and MTZCy5 was used at 62.5 µM. Samples were imaged on a Zeiss LSM 800 laser scanning confocal microscope.
Sample Labeling Proof of Concept
Fixed NSCs were split into four aliquots with ~400,000 cells in 100 µL 80% methanol. Live NSCs were prepared as described above, washed into HBSS, and similarly aliquoted to four samples with 400,000 cells used to complete cDNA library preparation. For sample tags, rather than discarding ∼80 µL SPRI supernatant, this fraction was added to 45 µL SPRI beads and incubated at room temperature for 5 min. The SPRI beads were washed twice with 80% EtOH and sample tags eluted in 20 µL nuclease-free water.
Sample tags were quantified by Qubit High-Sensitivity DNA Assay (Invitrogen) and amplified using primer R1-P5 and indexed reverse primers as appropriate (Supplementary Table 2 Sample tag and cDNA libraries were analyzed on a BioAnalyzer High Sensitivity DNA kit (Agilent).
Example traces are provided for reference (Supplementary Fig. 4 ). Sample tag libraries were sequenced on an Illumina MiSeq using a MiSeq V3 150 cycle kit (26x98bp reads), and cDNA libraries were sequenced on an Illumina HiSeq 4000 using a HiSeq SBS 3000/4000 SBS 300 cycle kit (2x150bp reads).
Species Mixing and Sample Label Multiplexing
Methanol-fixed human HEK293T and mouse NSCs were prepared as described above. Samples were labeled with non-overlapping tags sets of increasing size (Supplementary Table 3 ). Suspensions of both cell types were prepared at 700,000 cells/mL in 80% methanol. Samples of 100 uL were prepared for each condition, with species mixing conditions comprising 50 µL of cell suspension from each species. For this experiment, 3'-modified oligos isolated by standard desalting were used as opposed to the 5'-modified, HPLC-purified oligos used in all other experiments presented. Tag sets were prepared by reacting 6 µL of each oligo along with 2 µL of 1 mM NHS-TCO per oligo at room temperature. After 5 minutes, the entire volume of each tag set was added to the appropriate cell suspension. Cell labeling was performed for 30 minutes at room temperature on a rotating platform. Reactions were quenched as above, pooled, and added to 2 mL PBS + 1%BSA. Samples were split across two Eppendorf tubes and centrifuged at 500 x g for 5 minutes. Cell pellets were resuspended in 500 µL PBS-BSA, combined, and centrifuged once more. The cell pellet was washed twice more with 1 mL PBS-BSA. Finally, the cells were resuspended in 150 µL PBS-BSA, counted, and diluted to 1x10 6 cells/mL and loaded on a single lane of the Chromium Controller targeting 12,000 cells. Sample tag and cDNA libraries were prepared as described. Libraries were submitted as part of an Illumina NovaSeq library, targeting 500 M reads total (2x150bp reads), with sample tags submitted at 10% of the total library concentration.
96-Sample Growth Factor Screen
Cells for the 96-sample perturbation experiment were prepared as described above. For each sample, two sample tags (6 µL each) were combined with 4 uL 1 mM NHS-TCO according an 8x12 matrix. Columns 1-12 of the 96-well plate correspond to tags BC21-BC32, while rows A-H correspond to tags BC33-BC40
( Supplementary Fig. 5 ). Fixed cells from each experimental condition (100 µL) were labeled with the entire volume of the corresponding sample tag mix for 30 minutes at room temperature on a rotating platform. Samples were quenched as described above, pooled, and combined with 15 mL PBS-BSA.
Samples were split across two 15-mL conical tubes and spun at 500 x g for 5 minutes. Cell pellets were 
cDNA Data Processing
Standard bioinformatics tools were used to process and analyze DNA sequencing information. Raw sequencing data were processed using the 10x Genomics Cell Ranger pipeline (version 2.0). Cellranger mkfastq was used to demultiplex libraries based on sample indices and convert the barcode and read data to FASTQ files. Cellranger count was used to identify cell barcodes and align reads to mouse or human transcriptomes (mm10 and hg19) as appropriate. For the 96-sample perturbation experiment, cellranger aggr was used to combine and normalize sequencing data from the two 10x lanes split across two HiSeq lanes. Cells were selected by cellranger using the inflection point of detected cell numbers as a function of ordered read counts as a cutoff. For the sample labeling proof of concept and species mixing experiments, no further analysis of the cDNA data was performed.
Sample Tag Data Processing and Assignment
Sequencing reads from sample tag libraries were processed using cellranger and synthetic 'transcriptomes' corresponding to the sequences of the tags used in a given experiment. Cellranger count outputs a postsorted genome BAM file containing error-corrected cell barcodes and UMIs as well as read2 sequence containing sample tag information. The post-sorted genome BAM file was used to generate a digital count matrix for the sample tags corresponding to each cell barcode. A modified version of CITE-Seq Count 9 was used to count sample tag data. Briefly, a fuzzy matching package, "fuzzywuzzy"
(https://github.com/seatgeek/fuzzywuzzy), was implemented to find the sample barcode region in staggered sample tag libraries that were synthesized to improve sequencing quality. Tag reads were summed according to the combinations used in a given experiment, and sample calling was based simply on the sample with the highest number of reads. Sample assignment was performed by querying the sample tag matrix with cell barcodes identified from cDNA data, generating a vector of sample assignments that can be input into standard scRNA-seq analysis packages. For the species mixing experiment ( Supplementary   Fig. 3 ), in which up to five tags were used for each cell, t-SNE was performed on the sample tags x cells count matrix while k-means clustering was performed on a normalized count matrix in which the counts corresponding to each cell were first (1) collapsed and normalized according to the tag sets used (Supplementary Table 3 ) by adding the tag counts corresponding to each sample and dividing by the size of the tag set then (2) dividing each normalized sample count by the sum of all normalized samples for that cell.
Data Analysis
For the 96-sample perturbation experiment, the ScanPy Python package (version 1.0.4) was used to process the filtered genes x cells matrix produced by cellranger. The data was log transformed, normalized per cell, and highly variable genes were selected as those with mean normalized counts > 0.0125 and < 3 and with dispersion > 0.5, giving 1,221 highly variable genes. The per-cell read counts were regressed out and the data scaled to unit variance. PCA was performed on this matrix, followed by t-SNE visualization based on the top 20 principal components. Clustering was performed using the neighbors and louvain tools in ScanPy with the size of the local neighborhood set to 30. For clustering based on Louvain community detection, the resolution parameter was adjusted to agree well with subpopulations produced by the perturbation experiment. We reasoned that these natural groupings represent reproducible, quantitatively distinct biological states under the conditions of our experiment and would thus hold the most information relevant to the changing experimental parameters. In practice, a resolution setting of 2 yielded clusters that agreed quite well with the sample-specific subpopulations produced by the perturbation experiment.
Sample assignments were combined with cluster assignments from each cell to produce a matrix of cluster occupancy x experimental condition as well as a normalized version of the same matrix showing cluster relative abundance for each sample (Fig. 2a) . Principal component analysis was performed on the cluster relative abundance matrix to visualize relationships between the experimental conditions used in our perturbation (Fig. 2b) . Differential expression analysis was performed with the rank_genes_groups function in ScanPy. The top differential genes between the cluster(s) of interest and the rest of the dataset are shown (Fig. 2c,d ). 
